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Abstract 
Hurricane Florence was a category 4 storm which caused an estimated $24 billion in 
damages and the loss of 53 lives. During and immediately following Florence, there were 235 
shelters operating in and around the North Carolina (NC) area. These were used as temporary 
housing for storm victims and by emergency responders to distribute relief supplies and 
provide medical services. Emergency officials consider several factors when deciding where to 
open shelters, including, for example, proximity of victims and their levels of medical needs. 
Access disparities, or factors creating barriers that limit entry to shelters, put certain 
populations and regions at higher risk of not receiving the necessary supports during a response 
effort. Despite the recognized need for universal accessibility, the explicit consideration of 
populations of increased risk, such as the elderly and those with Access and Functional Needs 
(AFN), is missing from the disaster response shelter location literature. Methods to maximize 
the potential spatial accessibility of shelter locations, inclusive of vulnerability factors, are 
demonstrated for a case study based on Hurricane Florence. The recommended shelter 
locations were compared to the locations of actual shelters used during Florence as well as 
other shelter placement methods on the basis of accessibility scores.  
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Introduction  
On average, hundreds of millions of people are affected by natural disasters each year 
and thousands are killed (GUHA-SAPIR D., 2016). Hurricane Florence was a long-lived Cape 
Verde hurricane and the wettest tropical cyclone on record in the Carolinas (National Weather 
Service, 2018). The storm lasted from September 12-15, 2018 and produced extensive wind 
damage along the North Carolina coast from Cape Lookout, across Carteret, Onslow, Pender 
and New Hanover counties. When natural disasters like Hurricane Florence occur, response 
plans are formed with the goal of minimizing victim suffering (Disaster Relief and Recovery 
Services, 2018). 
Response plans call for the use of shelters to house victims and provide a variety of 
services. These can include: a safe place to sleep, meals, water, health services (for disaster-
related conditions) such as first aid, spiritual care, Access and Functional Needs (AFN) supports, 
and help reconnecting with loved ones (Disaster Relief and Recovery Services, 2018). Optimal 
placement of shelters, where victims can access them conveniently, can reduce suffering 
caused by these events. Currently, local officials to choose shelters to open, often from the 
American Red Cross National Shelter System (NSS) database, which contains information for 
over 56,000 potential shelter facilities. Sometimes, shelter locations that are not part of the NSS 
database, such as elementary schools, may be selected as well. While proximity to victims and 
population vulnerabilities influence this human decision-making process, there is currently no 
decision support model in use capable of simultaneously considering these complex factors to 
make system-optimal shelter location decisions. 
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 Vulnerable persons have needs that may interfere with their ability to access care 
during an emergency (Indrakanti, Mikler, O’Neill II, & Tiwari, 2016). The CDC recognizes factors 
that increase a disaster victim’s vulnerability, including low socio-economic status, having 
English as a second language, or needing extra assistance due to health or age (Li, Serban, & 
Swann, 2015). These populations are disproportionately impacted by disasters and are further 
disadvantaged if their needs are not considered during response planning. This deficit continues 
in spite of the Federal Emergency Management Agency (FEMA) directive recognizing “Access 
and functional needs (AFN) have historically been underserved or omitted with regard to 
disaster-related activity” (Trainor & Subbio, 2014).  
The 500 Cities Project is a project created by the CDC. The project provides “city- and 
census tract-level small area estimates for chronic disease risk factors, health outcomes, and 
clinical preventive service use for the largest 500 cities in the United States” (Center For Disease 
Control, 2020). Included in their health outcomes data set is a physical health measure. This 
metric is the percentage of “respondents aged ≥ 18 years who report 14 or more days during 
the past 30 days during which their physical health was not good” (Center For Disease Control, 
2020). This thesis includes physical health data into shelter placement methods in an attempt 
to make access to shelters more equitable for people with health needs. 
A case study was conducted on the disaster relief shelters opened during Hurricane 
Florence in Greenville, NC. Using the 2SFCA method with modifications for distance-decay and 
health scores, a bi-objective optimization model was formulated. The objectives of the model 
attempted to maximize access to relief shelters while balancing equity of access for all demand 
points. Multiple values of labor consumption in the health needs model were tested and other 
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shelter placement models were used for comparison. The bi-objective health model created for 
this thesis generated the best combination of access and equity when compared to other 
shelter placement methods. Additionally, models using smaller labor consumption values 
resulted in the highest access scores.  
 
Background 
 This section introduces the 2SFCA method, a method used to calculate potential special 
accessibility, with an included Gaussian distance decay function. Next, the individual elements 
of the 2SFCA model with distance decay and its objectives are examined. Lastly, a health needs 
addition is created and implemented in the model. 
Base Accessibility Model 
Potential spatial accessibility is a measure of the complex interactions between supply 
and demand within and between regions (Kilinc, Milburn, & Stamm, 2016). 2SFCA is one 
measure of spatial accessibility and has been used in the literature to measure potential spatial 
accessibility in a variety of applications, including access to primary healthcare services (McGrail 
& Humphreys, 2009) and preventative health care locations (Gu, Wang, & McGregor, 2010). 
The 2SFCA method served as the basis for determining accessibility to shelters during disaster 
relief (Luo & Qi, 2011).  
The first step in the 2SCFA method computes a supply-to-demand ratio for each facility 
(shelter in this case); the demand arises from spatial units (e.g., census tracts) within the 
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facility’s catchment (service radius). The second step provides an access score for each spatial 
unit by summing the supply-to-demand ratios for each facility in the spatial unit’s catchment. 
The equations needed in steps 1 and 2 are given in Equations 1 and 2 (Luo & Qi, 2011).      
1. Facility Ratios: 𝑅𝑗 =
𝑆𝑗
∑ 𝑃𝑖𝑖
, 
2. Spatial Unit Access Scores: 𝐴𝑖 = ∑ 𝑅𝑗
𝑐𝑎𝑝𝑗
𝑗 . 
Equations 1 and 2: 2SFCA Accessibility Equations (Luo & Qi, 2011)                                                                                                 
Distance decay refers to the decreasing propensity of a person to travel to a service location 
as the distance to that location increases. Including decay decreases the magnitude a center 
places on a facility as the distance between the two increase. The piecewise Gaussian decay 
function used for this thesis cannot be found in literature but is written below (Taylor, 2020). 
𝑑𝑒𝑐𝑎𝑦𝑖𝑗 = {
1                                          
𝑒
−(𝑑𝑖𝑗−𝑏)
2
2(𝑐)2
⁄
            
   
𝑖𝑓 𝑑𝑖𝑗 < 𝑏       
 
𝑜. 𝑤.                 
 
Equation 3 Distance Decay Function 
𝑐 = √
−(𝑍 − 𝑏)2
2 ln(0.01)
 
Equation 4 c value calculation for decay function 
 
In the decay function 𝑏 determines where the function equals 1 (no decay) and 𝑐 controls 
the speed of decay. The calculation of c is based on variable Z which is the maximum distance a 
person is willing to travel to reach a relief shelter. The range of 𝑑𝑒𝑐𝑎𝑦𝑖𝑗 is between 0 and 1. 
Values close to 1 indicate no decay where there is still a propensity to visit the facility. Values 
close to 0 indicate full decay showing no propensity to visit the facility. 
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Incorporating distance decay into 2SFCA functions is common in the literature. Examples 
include Luo and Qi (2009), McGrail & Humphreys (2009), McGrail & Humphreys (2015). The 
equations below show the implementation of the distance decay into the 2SCFA method. 
5.  Facility Ratios:  𝑅𝑗 =
 𝑆𝑗
∑ 𝑃𝑖𝑖  𝑑𝑒𝑐𝑎𝑦𝑖𝑗
 
6.  Spatial Unit Access Scores:  𝐴𝑖 = ∑ 𝑅𝑗𝑑𝑒𝑐𝑎𝑦𝑖𝑗𝑗  
𝐴𝑖 , 𝑅𝑗 ≥ 0 ∀ 𝑖 = 1,  … ,  𝑚     𝑗 = 1,  …  ,  𝑙 
Equations 5 and 6: 2SFCA Accessibility Equations with Distance Decay Modification 
The notation above is expressed in terms of the shelter location problem as follows: 𝑅𝑗 is 
the supply-to-demand ratio for shelter j; 𝑆𝑗 is the supply of shelter j, measured, for example, in 
number of beds, or by the staffing level; 𝑃𝑖  is the number of people living in census tract i, and 
𝐴𝑖  is the shelter access score for census tract i. The variable 𝑑𝑒𝑐𝑎𝑦𝑖𝑗 represents the distance 
decay variable for each shelter j and census tract i. 
Inclusion of Health Needs in Base Model 
 Including a health needs modifier into the shelter placement was the basis of this thesis. 
2SFCA only captures the spatial dimensions of accessibility and does not capture any aspatial 
dimensions such as factors limiting one’s ability to access a shelter. This is the motivation for 
adding in health needs and mobility; to overcome a shortcoming of the 2SFCA methodology.  
The 500 Cities Project provides access to physical health data on a census tract level. 
Using this data, a new health needs score was created based on the necessary amount of health 
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care each individual in would need to be provided at the shelter. The equation for this health 
needs score is shown below. 
𝐻𝑖 =  ℎ𝑖𝑎 + 𝑟 
Equation 7 Health needs score equation 
𝐻𝑖 is a health needs score associated with spatial unit i that represents the average daily 
shelter care consumption rate for clients from spatial unit i, measured in minutes of care per 
client per day. The variable ℎ𝑖  represents the percentage of the population of the spatial until i 
reporting poor health for greater than 14 days in the last month reported by the 500 cities 
project. The daily shelter care consumption of a “healthy” person, or someone not reporting 
physical health issues, is represented by r. This value represents the routine care time provided 
to every individual regardless of health level. Included in this time are assessments that each 
and every shelter client undergoes with a nurse, such as the shelter registration process and 
CMIST (Communication, Medical Needs, Independence, Support, Services, and Self- 
determination, Transportation) assessment (Boston Public Health Commission, 2020). The 
additional daily labor consumption provided to individuals reporting poor health is represented 
by the a parameter. This value represents time shelter personnel assist the client with care 
tasks such as managing medications, providing functional supports, and arranging 
transportation to medical appointments.  
The unit of measure for the health needs score is labor minutes per person. Multiplying 
this value with the population of the corresponding census tract results in the total labor 
minutes needed to serve a census tract. This formulation can be broken down further based on 
the equation used to compute the heath needs score, as shown below: 
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𝑃𝑖𝐻𝑖 =  𝑃𝑖(ℎ𝑖𝑎 +  𝑟)  =  𝑃𝑖ℎ𝑖𝑎 +  𝑃𝑖𝑟 
Equation 8 Total labor minutes equation derivation 
  This equation shows all of the population, 𝑃𝑖, receives r minutes of care while the the 
population with poor physical health, 𝑃𝑖ℎ𝑖, receive an additional a minutes of care. 
When adding this health needs metric, 𝐻𝑖, into the catchment process the value must 
be multiplied by the population and distance decay in the denominator of the facility ratio for 
each census tract. This would provide the demand a spatial unit i exerts on a facility j, measured 
in units of nursing care required. The implementation of this health needs multiplier into the 
2SFCA method is provided in equation 4 below 
𝑅𝑗 =
 𝑆𝑗
∑ 𝑃𝑖𝑖  𝑑𝑒𝑐𝑎𝑦𝑖𝑗 𝐻𝑖
 
Equation 9 2SFCA ratio with health needs multiplier 
In the 2SFCA method,  𝑆𝑗 is used to represent supply. In shelter placement problems this 
value usually represents the number of beds available to the public as reported by the NSS. To 
ensure consistency in the scale of the numerator and denominator of the ratio this beds value 
will be converted into a time value. Using information provided by health care workers 
assumptions were made regarding the number of beds a typical nurse cares for to understand 
create a nurse-to-client ratio (1 nurse for every 50 beds). The number of nurses was then 
multiplied by the assumed availability, in time, of each nurse to result in the total supply of time 
each shelter is able to provide. This creates more comparable ratios for the first step of the 
2SFCA process. Specific values for the assumptions made above used in this study are included 
in the methodology. 
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Methodology 
 In this section the methodology for the formulation of the bi-objective optimization 
model is explored followed by an explanation of the epsilon constraint method used to solve 
this model. Lastly, the integration of other objectives into our model is explored as a method of 
comparison to our model. 
1. Bi-objective optimization model 
The two objectives of interest in this thesis were efficiency and equitability. Past modeling 
efforts (Taylor, 2020) revealed that single-objective models that focused on one of these 
objectives resulted in solutions that were very poor with respect to the other objective. This 
means that models prioritizing efficiency provided inequitable access for certain areas. We 
wanted the results to provide efficient results that would give large amounts of quick access to 
a relief shelter while at the same time keeping access as equitable as possible across the 
demand points. 
The model is designed to maximize the sum 𝐴𝑖 while trying to keep the access equitable. 
These objectives move in opposite directions, so our model employed the two as separate 
objectives. The first objective is to maximize the sum of the 𝐴𝑖  scores across the census tracts. 
The second objective is to improve the equity of access scores by minimizing the range 
between the maximum access score and the minimum score. This range was named the Equity 
Gap. 
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To investigate the opening of shelters in the case study of Greenville, NC a linear bi-
objective optimization model was created based on the 2SFCA model. The model was written in 
AMPL to be run on a CPLEX solver. The model takes in health data by census block group, 
population data by tract, and health care supply by shelter. The resulting model will provide the 
selection of shelter locations to open as well as information about the access scores by census 
tract. 
Parameters taken as inputs for the model include: number of demand points (m), number 
of potential facility points (n),  number of facilities to open (p), supply to facility j (𝑆𝑗), demand 
(population) of point i (𝑃𝑖), decay from population center i to shelter j (𝑑𝑒𝑐𝑎𝑦𝑖𝑗), health score 
for demand point i (𝐻𝑖), daily labor consumption rate (r), and extra daily labor consumption 
rate (a). 
The variables that the model solves for include: opening facility j (binary yj; 1 for open, 0 for 
closed), demand-supply ratio of facility j (Rj), accessibility score of spatial unit i (𝐴𝑖), health 
indicator, sum of all accessibility scores (sum 𝐴𝑖), maximum accessibility score, and minimum 
accessibility score. 
The two objectives discussed at the beginning of this subsection are written below. 
𝑓1: 𝑚𝑎𝑥 ∑ 𝐴𝑖
𝑖∈𝐼
 
Equation 10 Objective 1: Maximize sum of all accessibility scores 
𝑓2:  𝑚𝑖𝑛(𝑚𝑎𝑥𝑖∈𝐼𝐴𝑖 − 𝑚𝑖𝑛𝑖∈𝐼𝐴𝑖) 
Equation 11 Objective 2: Minimize Equity Gap 
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The linear model will optimize one of the functions of the accessibility scores. The 
formulation of the linear program is detailed below.  
opt 𝑓(𝐴𝑖) (12) 
    
s. t. 𝑦𝑗
𝑆𝑗
∑ 𝑃𝑖𝑑𝑒𝑐𝑎𝑦𝑖𝑗𝐻𝑖𝑖∈𝐼
= 𝑅𝑗 ∀ 𝑗 ∈ 𝐽 (13) 
 ∑ 𝑅𝑗𝑑𝑒𝑐𝑎𝑦𝑖𝑗
𝑗∈𝐽
= 𝐴𝑖 ∀ 𝑖 ∈ 𝐼 (14) 
 
∑ 𝑦𝑗
𝑗∈𝐽
= 𝑛 ∀ 𝑗 ∈ 𝐽 (15) 
 𝐴𝑖 , 𝑅𝑗 ≥ 0 ∀ 𝑖 ∈ 𝐼, 𝑗 ∈ 𝐽 (16) 
 𝑦𝑗 ∈ {0,1} ∀ 𝑗 ∈ 𝐽 (17) 
    
Equation 12-17 Objective function and constraints for health needs model 
 
2. Epsilon constraint and best compromise solution 
Based on the methods shown in (Veerapen, 2015) our bi-objective model could be analyzed  
using integer linear programming with the implementation of the epsilon constraint method. To 
use this method, we first had to define a new parameter epsilon, e. This parameter provided a 
step size between consecutive points on the approximated pareto frontier. The epsilon 
constraint method was used to find 10 points on pareto frontier. The model was run twice, 
once using each objective function. The range of the Equity Gap values between the two 
objective functions can be calculate and dividing the result by the total number of points on the 
frontier, the equity values are equally spaced between the equity values of the optimal 
solutions. Using the epsilon parameter and adding the constraint: 𝐸𝑞𝑢𝑖𝑡𝑦𝐺𝑎𝑝 ≤ 𝑒, we could 
set the equity value as a constraint in the maximization model and run the model to get the 
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corresponding sum of accessibility scores. This method was repeated for the remaining pre-
defined Equity Gap values. 
For each model run on the pareto frontier the equity gap, sum 𝐴𝑖, individual access scores, 
and shelters opened were saved in a text file and recorded in on an excel spreadsheet. This 
spreadsheet was used to graph the pareto frontier. 
Each trial created a new combination of an (equity gap, sum of accessibility scores) 
coordinate pair. To determine which combination of objective values provided the best 
compromise solution a trade-off analysis was used following the level diagram method 
described in (Blasco, 2008). Using this method, a Euclidean norm is calculated with normalized 
values of both objectives for each trial. The lowest Euclidean norm value represented the trial 
which gave the best compromise solution. 
Once the best compromise method was determined the corresponding access score values 
for that model were pulled from the results text file. These accessibility scores were analyzed in 
Excel and plotted on a histogram. Each (a,r) combination was represented with a different 
colored bar in the histogram for comparison purposes. 
 
3. Integration of other models 
To understand how the implementation of the health needs score improved the objective 
values we compared our results to other objective functions used in facility location methods. 
Taylor (2020) thesis provided a list of shelters opened for multiple objective functions. The 
linear bi-objective model used in his study included everything discussed in this paper except 
the health needs factor. By creating new constraints that would ensure the shelters he defined 
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would be opened, we could run the model and compare the objective values to our best 
compromise solution for each (a,r) combination. 
The solutions from three different objective models were used for comparison: p-center, 
implemented solution, and bi-objective without health needs. The p-center model is a common 
facility location model applied to public sector location problems. The implemented solution is 
the actual solution implemented during Hurricane Florence. Lastly, the bi-objective model 
without health needs (from Taylor, 2020) uses the same objective function as the model in this 
thesis but does not incorporate a health needs multiplier.  
 
Case Study  
Due to the large amount of computations the 2SCFCA requires and the select cities in 
the 500 cities project only a limited number of cities could be included in the study. The natural 
disaster chosen to investigate was Hurricane Florence which occurred off the eastern coast of 
North Carolina. Four cities near the coast of North Carolina were identified as possible options 
for a case study. These cities included Greenville, Jacksonville, Wilmington, and Fayetteville. To 
decide which city to investigate, the physical health data of each city was collected and 
recorded for comparison. For each city the health data was analyzed. The mean proportion of 
physical health needs was 12.04% across all cities with a maximum of 21.5% and a minimum of 
5.5%. A histogram of all the physical health needs proportions separated by city is shown 
below.  
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Figure 1 Histogram of physical health need proportions separated by city 
 
 When trying to decide what city to use for the model we started by exploring how many 
shelters were opened. In Fayetteville and Wilmington 9 shelters were opened, Greenville 
opened 6 shelters, and Jacksonville opened 3 shelters. We chose Greenville because of the 
medium amount of shelters opened and the distribution of its health needs proportions 
spanning across the histogram. 
In this study set I represents the demand centers and set J represents the potential shelter 
locations. Set I includes of all demand points and was determined as all census block groups 
within the city limits of the case study city. Greenville has 70 census block groups used in the 
model. Variable J represents the set of all potential shelter locations which were collected from 
the NSS database with the addition of public schools in the city which serve as mandatory 
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options for relief shelter locations. Greenville has 32 potential shelter locations which were 
used in the model. 
The parameters input into the model include: number of demand points (census-tracts), 
number of facility points, number of facilities to open, possible supply (in nurse-minutes) to 
facility j, demand (population) of point i, and the health score of demand point i (𝐻𝑖), calculated 
for each (a,r) combination.  
Distance decay from population center i to shelter j was also implemented as a parameter. 
The sensitivity of this decay was tested across three b value and three Z values for the same 
case study region as this thesis (Taylor, 2020). The b values tested include: 0, 2, and 4 miles. The 
Z values tested include: 10, 15, and 20 miles. The figure below shows a comparison of decay 
values with varying 𝑏 values across increasing distances. For this thesis we selected the 
midpoint of each variable using a b value of 2 miles and a Z value of 15 miles.  
 
Figure 2 Example of the effect of a distance decay function comparing multiple b values. Taken with permission Taylor (2020) 
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The model was run in 4 different trials based on differing values of labor consumption rates. 
The daily labor consumption rate (r) in minutes was estimated to be 5-10 min per day through 
personal correspondence with a nursing professor whose expertise is in disaster health, and a 
nurse who has experience working in disaster shelters. Additional daily labor for those with 
health needs (a) was also discussed and estimated to be 10-20 min per day. Although these 
metrics are estimates they provide a reasonable starting point for the analysis in this thesis. The 
sets of (a,r) parameter values included in the sensitivity analysis in this thesis include {(20,5), 
(20,10), (10,5), (10,10)}. 
 
Results 
Running the optimization model 10 times for each (a,r) combination provided 10 
combinations of equity gap values and sum 𝐴𝑖  values. These combinations are plotted on a 
pareto frontier in the graphs below. The best compromise solution found with the level-
diagram technique is marked with a red dot. 
The objective values calculated when using shelter openings from other methods are 
included in the graphs. The yellow marker represents the implemented solution, the orange 
marker represents the p-center solution, and the green marker represents the bi-objective 
solution. 
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Figure 3 pareto frontier when a is set to 20 min and r is set to 5 min. Step size calculated from a minimum EquityGap of 0.641 
and updated results show the EquityGap should be 0.7315 as displayed 
 
Figure 4 pareto frontier when a is set to 10 min and r is set to 5 min 
0
50
100
150
200
250
300
0 1 2 3 4 5 6 7 8 9
Su
m
 o
f 
A
cc
es
s 
Sc
o
re
s
Equity Gap
Greenville  a= 20 r = 5
0
50
100
150
200
250
300
350
0 1 2 3 4 5 6 7 8 9 10
su
m
 𝐴
_𝑖
Equity Gap
Greenville  a= 10 r = 5
  Alexander Johnson 
  Honors Industrial Engineering Student 
21 
 
  
 
Figure 5 pareto frontier when a is set to 20 min and r is set to 10 min 
 
Figure 6 pareto frontier when a is set to 10 min and r is set to 10 min 
 
 As shown in most of the graphs the objective values increase in a linear fashion initially 
before the sum of accessibility scores plateus when it approaches the maximum value. The best 
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accessibility scores for the best compromise solutions were collected and plotted in the 
histogram below. The shelters opened for each trial were also collected and are detailed in 
Appendix A. 
 The p-center, implemented, and bi-objective without health needs solution fall under 
the pareto frontier and therefore are less effective at maximizing the objectives. This indicates 
that there is at least one solution on the frontier that is better than these models for both 
objectives. The implemented solutions, represented by the yellow marker, fall very close to, but 
not on, the frontier which indicates that the methods currently used by shelter placement 
officials are doing a decent job at balancing equity and maximum access. 
Access score distribution 
 
Figure 7 Distribution of Accessibility scores for each model 
 When looking at the resulting histogram it can be seen that higher r-values lead to 
distributions of Ai scores that build up to a large peak but then have little or no accessibility 
scores past this peak. Lower r-values lead to a more even distribution of access scores with a 
lower peak and a significant amount of higher access scores. 
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 The grey series has the smallest range of access scores out of these models. This is the 
model with the larger values implemented for a and r showing that increased care time to 
patients decreases the accessibility. The yellow series has a range larger than the grey series 
showing increased access when the additional health needs time was decreased from 20 min to 
10 min. The blue and orange series are similar and have the largest range of the models tested. 
This is likely due to their lower value for daily labor consumption rate, r. The effect of the daily 
labor consumption appears to be stronger than the effect of the additional labor consumption 
value as shown by the similar distributions of the blue and orange series. 
 A similar distribution was created comparing the results from the various objective 
functions for the model where r was 5 minutes and a was 20 minutes. The bi-objective model 
without health needs also had some accessibility scores in the top buckets but was more evenly 
distributed throughout the graph. The p-center distribution followed a generally normal bell-
shaped distribution with a peak in the bucket from 2.5 to 3. The implemented solution also had 
a majority of its scores in this bucket. The blue series representing the health model is largely 
skewed to the right, with higher access scores, demonstrating the strength of this model over 
others. 
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Figure 8 Distribution of access scores computed from different methods. All run with an a-value of 20 and an r-value of 5 
 
Figure 9 Distribution of access scores computed from different methods. All run with an a-value of 10 and an r-value of 5 
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Figure 10 Distribution of access scores computed from different methods. All run with an a-value of 20 and an r-value of 10 
 
Figure 11 Distribution of access scores computed from different methods. All run with an a-value of 10 and an r-value of 10 
 
The sum 𝐴𝑖  and equity gap for each (a,r) combination was then compared to the 
resulting objective values with the solutions of other models implemented.  
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Model Comparison 
(a, r) values Method PA Equity gap 
a20 r5 
Health Best compromise 247.99 4.714 
Implemented 157.208 3.542 
P-center 159.144 6.737 
bi-objective without health needs 206.261 8.325 
a20 r10 
Health Best compromise 235.546 4.571 
Implemented 185.472 4.260 
P-center 188.463 8.191 
bi-objective without health needs 244.238 10.098 
a10 r5 
Health Best compromise 117.773 2.285 
Implemented 92.7362 2.130 
P-center 94.2315 4.096 
bi-objective without health needs 122.119 5.049 
a10 r10 
Health Best compromise 153.325 2.980 
Implemented 101.917 2.371 
P-center 103.831 4.592 
bi-objective without health needs 134.564 5.655 
Table 1 Summary of Objective function values for 4 methods across the 4 different models 
 When comparing the results from adding health needs to the model against other 
methods at least one objective is increased in every case. Looking against the implemented 
solution the best compromise solution always produces a better total accessibility but a worse 
equity gap in every case. The total accessibility and equity are always better for the best 
compromise solution than the p-center solution. Lastly, there the best compromise solution 
always has a better equity gap than the bi-objective method without health needs but only 
produced a better total accessibility score in 2 out of the 4 trials. It can also be noted that 
increasing the a or r parameter always increases sum 𝐴𝑖  and equity gap.  
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 To further explore the results between the methods the shelters opened for each 
method and (a,r) combination were included.  
(a, r) values Method Shelters opened 
a20 r5 
Health Best compromise 10 22 23 28 30 31 
Implemented 5 7 8 12 20 21 
P-center 3 15 18 21 27 28 
bi-objective without health needs 21 22 23 26 27 28 
a20 r10 
Health Best compromise 7 8 21 26 28 32 
Implemented 5 7 8 12 20 21 
P-center 3 15 18 21 27 28 
bi-objective without health needs 21 22 23 26 27 28 
a10 r5 
Health Best compromise 7 8 21 26 28 32 
Implemented 5 7 8 12 20 21 
P-center 3 15 18 21 27 28 
bi-objective without health needs 21 22 23 26 27 28 
a10 r10 
Health Best compromise 3 10 13 26 28 32 
Implemented 5 7 8 12 20 21 
P-center 3 15 18 21 27 28 
bi-objective without health needs 21 22 23 26 27 28 
Table 2 Shelters opened for each method in each model 
 Although the shelters vary depending on the values of a and r there are a few robust 
choices that appeared in multiple trials. Shelter 21 was opened in 14 out of the 16 models and 
shelter 28 was opened in 12 instances. The next shelter opened the most was shelter 27 with 8 
instances of being opened. It can also be noted that the health model with (a,r) combinations of 
10/5 and 20/10 opened the same set of shelters. 
Graphs 
 Each shelter and demand point used in the optimization model has a corresponding 
location in Greenville, NC. To better visualize the results of the optimization model, the 
location, latitude and longitude coordinates, of each shelter and demand point, was plotted 
using python code. The shelters were represented by x’s where a dark black x was an opened 
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shelter and a grey x was an unopened shelter. The demand points were plotted with a circle. 
The size of the circle represented the relative demand of that census tract.  
The color of the demand point represented the access score calculated in the 
optimization model. All 70 access scores were collected from each of the 16 optimization 
models resulting in 1120 total scores. These scores were then split into quintiles, so each 
quintile contained 224 access scores. The quintiles were then assigned colors which were used 
in the python code to plot the demand graphs. The colors used and the access scores they 
corresponded with are listed in the table below. 
Min 𝐴𝑖  - Score Max 𝐴𝑖  - Score Color 
0.027 1.176 red 
1.176 1.822 orange 
1.822 2.472 grey 
2.472 3.321 royalblue 
3.321 10.676 forestgreen 
 
Table 3 Colors used for demand points and the corresponding A_i Score 
Four graphs were created for each (a,r) combination to represent the results of the best 
compromise solution and the 3 other models it was compared to. Each graph is titled with the 
format: “avalue_rvalue ModelName”. 
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Figure 12 Shelter placement maps for a= 20 min and r = 5 min 
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Figure 13 Shelter placement maps for a= 10 min and r = 5 min 
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Figure 14 Shelter placement maps for a= 20 min and r = 10 min 
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Figure 15 Shelter placement maps for a= 10 min and r = 10 min 
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Conclusion 
A case study was conducted on the disaster relief shelters opened during Hurricane 
Florence in Greenville, NC. Using the 2SFCA method with distance-decay and health score 
additions a bi-objective optimization model was formulated. The two objectives in the model 
were maximizing access while minimizing the gap between the point with the best access and 
the point with the worst access. In attempt to compare different assumptions about labor time 
the model was run with 4 combinations of a and r values. The model was also run using shelter 
openings from other methods for comparison. 
The objective values were plotted on a pareto frontier and compared to the objective 
values generated from other models. The health model produced the best outcomes for both 
objectives in every situation. The implemented solution was the closest to the pareto frontier 
showing that the current methods for shelter placement are doing a good job at balancing 
these objectives. 
The daily labor values, r, had a significant impact on the access scores generated by the 
model with lower values increasing the range of scores. The additional labor values, a, did not 
affect the models when the daily labor value was 5 min but did when the daily labor value was 
10 min. The model with an additional labor rate of 20 min and a general labor rate of 10 min 
had the lowest range of access scores.  
In comparison with other models the health needs model had a range of access scores 
skewed towards higher values showing the effectiveness in improving health scores. The bi-
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objective model without health needs produced a large range of access scores but they were 
more evenly distributed with less high access scores. 
The model implemented in this study does have limitations that should be considered 
before use. Both the distance decay parameter and the health need parameter used in the bi-
objective model lack empirical data to support them. Readers should hesitate in interpreting 
the outputs of the models until better data for these inputs become available.  
Moving forward there are 3 other cities on the coast of North Carolina that the model 
could be tested on. Fayetteville, Jacksonville, and Wilmington would provide varying inputs that 
would help understand the function of the health needs multiplier with the bi-objective model. 
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Appendix 
 
Figure 16 Shelter openings for all health model trials when a = 20 min and r = 5 min with the best compromise solution 
highlighted 
 
1 0 0 0 0 0 0 1 1 1 1
2 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 1 1 1 1
4 0 0 0 0 0 0 0 0 0 0
5 0 1 1 1 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 1 0 1 1 1 1
9 1 1 1 0 0 0 0 0 0 0
10 0 0 0 0 1 1 1 1 1 1
11 0 0 0 0 0 0 0 0 0 0
12 1 1 0 0 1 0 0 0 0 0
13 0 0 0 1 1 0 0 0 0 0
14 0 0 0 0 0 0 0 0 0 0
15 1 0 0 0 0 0 0 0 0 0
16 1 0 1 0 0 0 0 0 0 0
17 0 1 0 0 0 0 0 0 0 0
18 1 1 0 1 0 0 0 0 0 0
19 1 1 1 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 1 0 0 0
22 0 0 0 0 0 1 1 0 0 0
23 0 0 0 0 0 1 0 0 0 1
24 0 0 0 0 0 0 0 0 0 0
25 0 0 1 1 0 0 0 0 0 0
26 0 0 0 0 1 0 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 1 1 0 1 1 1
29 0 0 1 0 0 0 0 0 0 0
30 0 0 0 0 0 1 0 0 0 0
31 0 0 0 1 0 1 0 1 1 0
32 0 0 0 1 0 0 0 0 0 0
Shelters opened Greenville a=20 r=5
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Figure 17  Shelter openings for all health model trials when a = 10 min and r = 5 min with the best compromise solution 
highlighted 
1 0 0 0 0 0 1 1 1 1 1
2 0 0 0 1 0 0 0 0 0 0
3 0 0 0 1 0 0 1 1 1 1
4 0 0 0 0 0 0 0 0 0 0
5 0 1 0 1 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0
7 0 0 0 1 1 0 0 0 0 0
8 0 0 0 0 1 0 0 1 1 1
9 1 1 1 1 0 0 0 0 0 0
10 0 0 0 0 0 1 1 1 1 1
11 0 0 0 0 0 1 0 0 0 0
12 1 1 0 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0 0 0
15 1 0 0 0 0 0 0 0 0 0
16 1 1 1 0 0 0 0 0 0 0
17 0 1 0 0 0 0 0 0 0 0
18 1 0 1 0 0 0 0 0 0 0
19 1 1 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 1 0 0 0 0 0
22 0 0 0 0 0 1 1 0 0 0
23 0 0 0 0 0 1 0 0 0 1
24 0 0 0 0 0 0 1 1 1 0
25 0 0 1 0 0 0 0 0 0 0
26 0 0 0 0 1 0 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 1 1 1 1 1 1
29 0 0 1 1 0 0 0 0 0 0
30 0 0 1 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 1 0 0 0 0 0
Shelters opened Greenville a=10 r = 5
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Figure 18  Shelter openings for all health model trials when a = 20 min and r = 10 min with the best compromise solution 
highlighted 
1 0 0 0 0 0 1 1 1 1 1
2 0 0 0 1 0 0 0 0 0 0
3 0 0 0 1 0 0 1 1 1 1
4 0 0 0 0 0 0 0 0 0 0
5 0 1 0 1 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0
7 0 0 0 1 1 0 0 0 0 0
8 0 0 0 0 1 0 0 1 1 1
9 1 1 1 1 0 0 0 0 0 0
10 0 0 0 0 0 1 1 1 1 1
11 0 0 0 0 0 1 0 0 0 0
12 1 1 0 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0 0 0 0
14 0 0 0 0 0 0 0 0 0 0
15 1 0 0 0 0 0 0 0 0 0
16 1 1 1 0 0 0 0 0 0 0
17 0 1 0 0 0 0 0 0 0 0
18 1 0 1 0 0 0 0 0 0 0
19 1 1 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 1 0 0 0 0 0
22 0 0 0 0 0 1 1 0 0 0
23 0 0 0 0 0 1 0 0 0 1
24 0 0 0 0 0 0 1 1 1 0
25 0 0 1 0 0 0 0 0 0 0
26 0 0 0 0 1 0 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 1 1 1 1 1 1
29 0 0 1 1 0 0 0 0 0 0
30 0 0 1 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 1 0 0 0 0 0
Shelters opened Greenville a=20 r = 10
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Figure 19  Shelter openings for all health model trials when a = 10 min and r = 10 min with the best compromise solution 
highlighted 
1 0 0 0 1 0 0 1 1 1 1
2 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 1 1 1 1 1 1
4 0 0 0 0 0 0 0 0 0 0
5 0 0 1 1 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0 0 0
7 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 1 1 1
9 1 1 1 1 0 0 0 0 0 0
10 0 0 0 0 0 1 1 1 1 1
11 0 0 0 0 1 0 0 0 0 0
12 1 0 0 0 0 0 0 0 0 0
13 0 0 0 0 1 1 0 0 0 0
14 0 0 0 0 0 0 0 0 0 0
15 1 1 0 0 0 0 0 0 0 0
16 1 1 1 1 0 0 0 0 0 0
17 0 1 0 0 0 0 0 0 0 0
18 1 0 1 0 0 0 0 0 0 0
19 1 1 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0 0 0
22 0 0 0 0 0 0 1 0 0 0
23 0 0 0 0 0 0 0 0 0 1
24 0 0 0 0 0 0 0 0 1 0
25 0 1 0 1 0 0 1 0 0 0
26 0 0 0 0 1 1 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 1 1 1 1 1 1
29 0 0 1 1 0 0 0 0 0 0
30 0 0 1 0 0 0 0 1 0 0
31 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 1 1 0 0 0 0
Shelters opened Greenville a=10 r = 10
